which the coherent scattering amplitudes per molecule and the applied corrections due to the impurities a r e quoted.
for a H .
With the new results the following set of parame t e r s for the low-energy n-p system i s calculated:
U , = -23.719k 0.013 fm and U, = 5.414 k0.005 fm.
The change of the old set 1 i s mainly due to the new o, measured in Ref. 2 , where a s the result of the present work leads to a further improvement of the accuracy for the low-energy n-p parameters.
'R. Wilson, The NucZeon-Nucleon Intevaction, Experimental and Phenoinenological Aspects (Interscience, New York, 1963) .
'T. L. Houk, P h y s Rev. C 3, 1886 (1971) .
3~. Melkonian, Phys. Rev. 3, 1744 (1949) . 4~ . Koester, unpublished. 5~n Ref. 2 the scattering amplitude for the atom of 6.623 fm i s quoted instead of the amplitude for the nucleus given above .
6~. Maier-Leibnitz, Z . Angew. Phys. 14, 738 (1962) . 'L. Koester, Z . Phys. 198, 187 (1967 (Received 9 August 1971) An upper limit to the electric field strength. such a s that of the nonlinear electrodynamics of Born and Infeld, leads to dramatic differences in the energy eigenvalues and wave functions of atomic electrons bound to superheavy nuclei. For example. the ls,/, energy level joins the lower continuum at Z =215 instead of Z = 174, the value obtained when Maxwell's equations a r e used to determine the electric field.
The spectra of atomic electrons offer one means for the identification of superheavy elem e n t~. l -~ Most of the previous calculations of the atomic structure of these elements have used the relativistic Hartree-Fock-Slater methodl and have either used perturbation theory to calculate field corrections2 or ignored the question altogether. Accurate calculations of these corrections have not been made, although a method of calculating them, which does not depend upon an expansion in powers of the external field, has been p r~p o s e d .~
Our search for a method of calculating field corrections in superheavy elements has led us to consider the extent to which these corrections a r e equivalent to an upper limit for the electric field strength. Such an upper limit emerged quite naturally from the considerations of Born and Infeld, who formulated a nonlinear theory of electrodynamics with the express intention of making the self-energy of the electron finite. We show below that the spectra of atomic electrons bound to superheavy elements with nuclear charge s Z a 150 provide a stringent test of the theory of Born and Infeld and, more generally, of simil a r theories which lead to an upper limit to the electric field strength. Even if superheavy elements cannot be readily produced, enough information could possibly be gathered in the collisions of heavy ions, such a s Pb on Pb or Cf on Cf, to decide if this limit exists. In these collisions the adiabatic approximation should have some validity since the velocity of the electrons in the 1 s and 20 atomic orbitals i s much faster than the relative nuclear velocity. Hence, a s E, ( 10" ~o i t /cm) f a r as the electrons in the lower atomic orbitals are ~o n c e r n e d ,~ the collisions of Pb on Pb and of Cf on Cf may simulate supevheavy electronic rnolecules with Z = 164 and 2 = 196, respectively.
Thus a search for the effects of an upper limit to the electric field strength in the elastic scattering of heavy ions would not require a consideration of the complications of nuclear physics.
0 where 5 is the z a g n e t i c induction, E is the electric field, and E, is an upper limit to the electric field strength. The quantity E, i s determined by requiring that the mass of the electron i s of an entirely electromagnetic origin. Its numerical value is 1.2 X 1018 ~/ c m . This Lagrangian density reduces to+that underlying Maxwell's equaaons whenever E and B a r e much smaller than E,. We consider only the case of electrostatics, where the Euler-Lagrange equations reduce to -where D = -a~. / a E is the electric displacement.
Assuming spherical symmetry, the solution of Eq. (2) is D =e/r2, where e i s the charge of the electron. We have investigated the class of Hamiltonian densities
The principle of superposition i s no longer valid for the electric field in nonlinear electrodynamics, and thus the treatment of composite systems i s more complicated than in the linear case. We consider the electron to move in a spherically symmetric potential due to the nucleus and the other atomic electrons. The calculation of the interaction energy of the electron with the remainder of the atom i s based upon the fact that the electric displacement satisfies a linear equation, namely, where p i s the external charge distribution. The nucleus i s taken to be a uniformly charged sphere of radius C = 1 .2A1/3 fm, where A is the atomic number. We assume that A j.s related to the nuclear charge a s follows2: (3) A g0.007 33Z2+1.302 +63.6. which reduces to the theory of Born and Infeld when n =$. We determine the quantity Eo(n) in Eq. (3) by requiring that the electromagnetic selfenergy i s equal to the energy of the r e s t mass of the electron. The electric displacement satis: fies E q . (2) for every n; the relation between E and D i s different in each case, however. The electromagnetic self-energy i s finite7 i f n i.
An upper limit to the electric field strength emerges whenever n s a. This upper limit i s plotted a s a function of the parameter n in Fig. 1 .
We note that it varies slowly for -10 s n s -1 and that the value a t n = -10 i s about twice the value a t n = i.
The electron i s taken to be a point charge located a distance R from the center of the nucleus, which we choose a s our origin of coordinates. The electric displacement i s then the sum of the electron's contribution,
and the contribution from the nucleus and the remaining electrons,
where pr(r') includes both the nuclear charge distribution and that of the remaining atomic electrons. The interaction energy for the theory of Born and Infeld is given by spectra of electrons bound to superheavy nuclei, however, may offer a more stringent test of nonlinear electrodynamics than high-energy electron-electron scattering e~p e r i m e n t s ,~ where our inability to quantize nonlinear theories hind e r s a straightforward comparison of theory and experiment.
We gratefully acknowledge conversations with Professor A. Klein Phys. M , 173 (1971) .
'such calculations a r e presentlv performed bv Bernd ~Ü l l e r , Institut für Theoretische Physik der Universitat Frankfurt. Intense spectator-proton peaks were observed in the reaction ~(~~e , t p ) p . Their shapes were well fitted by plane-wave Born-approximation calculations, assuining either knockout o r 3~e -n quasielastic scattering accompanied by charge exchange to be the mechanism. Their intensities relative to the quasielastic peaks from D (~H~, 3~e p ) n were correctly predicted by charge-exchange calculations, but only when an unrealistic mixture of exchange forces was used. All direct knockout calculations gave relative intensities at least ten times too small. in the p-p coincidence Cross sections from the reaction D(P, 2p)n when momentum i s transferred only between the two protons, and the neutron (called the spectator particle) remains nearly at r e s t in the laboratory. QES from the proton in the deuteron has also been ~t u d i e d~-~ in the reactions D(d,dp)n, D('He, 'Hep)n, and D(Q, ap)n. In CE QES for the reaction D('He, tp)p [see Fig. l(a)] , the '~e and neutron would transfer momentum and exchange charge, emerging a s a triton and a proton, and the proton from the deuteron would remain nearly a t rest. Alternatively, a direct knockout (KO) process [see Fig. l(b) ] might also produce spectator peaks. A CD, target was bombarded with 27-MeV '~e + + ions from Chalk River's model M P tandem accelerator. Coincidence events from two A E -E Counter telescopes, coplanar with and on opposite sides of the beam, were recorded on magnetic 
